The brown Dominant (bw D ) allele of Drosophila contains a heterochromatic block which causes the locus to interact with centric heterochromatin. This association silences bw + in heterozygotes (trans-inactivation) and is dependent on nuclear organizational changes later in development, suggesting that trans-inactivation may not be possible until later in development.
D
insertion site. Seven different GAL4 driver lines were used and GFP fluorescence was compared in the presence or absence of bw D . We measured silencing in different tissues and stages of development and found variable silencing of GFP expression driven by the same driver. When UAS-GFP was not expressed until differentiation in the eye imaginal disc it was more easily trans-inactivated than when it was expressed earlier in undifferentiated cells. In contrast to some studies by other workers on silencing in cis, we did not find consistent correlation of silencing with level of expression or evidence of relaxation of silencing with terminal differentiation. We suggest that such contrasting results may be attributed to a potentially different role played by nuclear organization in cis and trans position effect variegation.
INTRODUCTION Position effect variegation (PEV) is the silencing of gene expression by nearby
heterochromatin. The phenomenon was first described in Drosophila and has long served as a model for the down regulation of expression by chromatin compaction and changes in higher order chromatin organization. Classic cis-acting PEV results from a chromosomal break and rejoining that juxtaposes a euchromatic gene and a block of constitutive heterochromatin. In contrast to earlier ideas concerning the continuous, straightforward linear spreading of the silent state, a collection of recent studies have found that the phenomenon is more complex. Many factors influence the susceptibility or resistance of a gene to silencing by heterochromatin in cis, such as the size, composition and distance of heterochromatic block and, most importantly, the specifics of the expression properties of the gene being silenced (for review see TALBERT and HENIKOFF 2006) .
While these studies addressed cis-acting PEV, there is a similar, related phenomenon in flies of silencing by heterochromatin in trans. In trans-acting PEV, or "trans-inactivation", the block of heterochromatin and the silenced gene are not necessarily on the same DNA molecule, but are brought close to each other within the space of the interphase nucleus. It is probable that this type of PEV is similar to down regulation of a number of normal genes in higher eukaryotes, as increasing evidence finds developmentally silenced loci that move into association with large blocks of heterochromatin (for example see SU et al. 2004) . A well studied example of transinactivation is the brown Dominant (bw D ) allele of the Drosophila melanogaster brown (bw) eye color gene. The bw D allele contains an insertion of approximately 1.6 Mbp of heterochromatin into the brown coding sequence (PLATERO et al. 1998) . Except for a few small distinct spots, eyes of bw D /bw + flies totally lack red eye pigment. The trans-inactivation of the bw + gene on the homologous chromosome is a consequence of the repositioning of bw D into pericentric 5 heterochromatic compartment (CSINK and HENIKOFF 1996; HARMON and SEDAT 2005; THAKAR et al. 2006 ) through interactions of heterochromatic binding proteins (SAGE and CSINK 2003 (CSINK et al. 2002) . One factor that differed between these promoters was the developmental time of expression. This is intriguing, as studies on cis-acting PEV have shown that development plays a role in silencing (AHMAD and HENIKOFF 2001; LU et al. 1996; WEILER and WAKIMOTO 1998) . The studies on cis-acting PEV and trans-inactivation have provided intriguing results and suggest additional questions to be addressed. For example, does gene expression play the same role in the ability of a gene to be silenced in cis and trans? In the circumstance of cis silencing the silenced gene is always located near heterochromatin, while in trans-inactivation the heterochromatic association required for silencing changes during development (THAKAR and CSINK 2005) . Because of this, one may predict that a gene with the same pattern of expression could have different susceptibilities to cis and trans silencing.
Here we study the role that temporal, spatial and quantitative differences in gene expression play in the susceptibility of a gene to trans-inactivation. We use a UAS-GFP transgene near the brown locus in combination with lines activating GAL4 in specific patterns of expression (BRAND and PERRIMON 1993) . This allows an examination of trans-inactivation when the 6 reporter is expressed in different times of development and in different tissues and cell types. We find that transgenes whose expression is delayed until differentiation are more likely to be silenced, while those with earlier expression are more resistant to silencing. Additionally, we found no general trend toward increased or decreased silencing of transgenes as adult flies aged, except that there was a bit less silencing in freshly emerged adults. Neither did we find a tendency for silencing established in earlier developmental stages to be lost upon differentiation.
Examining the level of silencing in different tissues showed that even the same gene with the same driver was differentially susceptible to trans-inactivation in the various tissues. Finally, we were unable to find a consistent correlation between ability to be trans-inactivated and level of wild-type expression. Combined, these results demonstrate the diversity of outcomes of heterochromatin in trans and the strong influence of developmental expression pattern in determining the sensitivity of a gene to chromatin mediated gene silencing.
MATERIALS AND METHODS
Fly culture: All experimental crosses were done at 21°. Flies were reared on standard yeast-cornmeal-molasses medium. Starting Drosophila stocks were either obtained from Bloomington Stock Center or previously generated in our lab (P{hsp-w-hsp26-pt-T}chrw ab28 ) (CSINK et al. 2002) . Figure 1A .
To examine expression and trans-inactivation of UAS-GFP driven by act, we first recombined P{A5CGAL} onto the P{UAS-EGFP}chrw bsf36 chromosome and then we performed the cross shown in Figure 1B . The cross used to examine expression and trans-inactivation of UAS-GFP driven by arm came from the cross shown in Figure 1C .
P-element replacement:
The cross performed to replace P{hsp-w-hsp26-pt-T}chrw with P{UAS-EGFP} was similar to those described by Csink et al (2002) . Microscopic examination and measurement of GFP expression: Eye imaginal discs, salivary glands, and central nervous system were examined for GFP expression and transinactivation. Wandering third instar male larvae were used and 3-13 tissues of each genotype were examined. Tissues were from at least three different larvae. Occasionally one of a pair of discs or glands were unusable due to damage during dissection, hence odd numbers of these tissues were sometimes used ( Figure 1) lacking UAS-EFGP. Table 2 .
Fluorometric measurement of GFP expression in adults:
Flies were aged for 0 to 24 hours, 3 to 5 days, 8 to 12 days, 18 to 22 days, or 30 to 35 days (denoted day 1, 5, 12, 22 or 35 in Figure 6 and Table 3 ) before freezing at -80º. For each assay, 200µL GFP assay buffer (50mM NaH 2 PO 4 , 10mM Tris-HCl (pH 8.0), 200mM NaCl, pH 8.0) was added to a 1.5 mL microfuge tube containing five frozen adult flies. Sample was manually homogenized and an additional 100µL GFP assay buffer was added while rinsing the pestle. After homogenization, the sample was centrifuged for 10 seconds in a microcentrifuge and the supernatant immediately measured 9 for GFP fluorescence. Measurements were taken of the sample in a capillary tube. The assay was performed with six different samples (of five flies each) for each genotype and sex.
Measurements were made using a Photon Technology International QuantaMaster spectrofluorometer with the following settings: Excitation 480, Emission 513, excitation and emission monochromator slits of 2.5 mm, 2 second readings were taken over 6 seconds and the average value was used as one reading. For each driver, fluorescence was measured from the 4 different genotypes as shown in Figure 1 . The average value from the siblings without the GFP reporter was subtracted from each individual sample of the animals that carried the reporter to correct for background fluorescence. These corrected values were averaged and are shown with their 95% confidence intervals in Figure 6 . All statistical analysis and graphing was done using the Statview program (Abacus Concepts, Inc.). In all statistical analysis significance was tested by a two tailed, unpaired student's t-test. Values p < 0.05 are marked as significant in Table 3 .
RESULTS
To address the importance of developmental timing of expression in gene silencing we placed a GFP reporter gene containing a variably inducible promoter near the bw gene. We used a reporter controlled by the yeast UAS sequence so that available collections of GAL4 producing driver lines could be used (BRAND and PERRIMON 1993; DUFFY 2002) . The advantage of this system is that the one reporter in 59E is driven by a number of GAL4 expressing lines in various developmental and tissue specific patterns and at varying intensities ( We selected seven driver lines to use in this study based on two criteria: pattern of expression as reported in FlyBase and the previous examination of silencing by heterochromatin in cis (AHMAD and HENIKOFF 2001) . To confirm their pattern of expression, we re-examined the expression of these drivers lines throughout development using our P{UAS-GFP}59E reporter heterozygous to a wild-type chromosome. The embryos, larvae, pupae, adults and some dissected tissues were examined under a fluorescent dissecting scope and/or a standard compound fluorescent microscope. Our findings are summarized Table 1 and generally confirmed the previous descriptions of these various driver lines on Flybase (CROSBY et al. 2007 ).
Lines were initially selected to test a number of specific hypotheses concerning transinactivation. For instance, lines c355 and 167Y were chosen to test the possibility that lack of expression in the embryo promoted silencing. arm and act were used to test both the importance of very early transcription and the strength of the expression. Lines GMR, elav and 179Y were used to test for the role of differentiation in trans-inactivation.
Trans-inactivation in differentiated and undifferentiated cells of the eye imaginal disc:
The eye imaginal discs of third instar larvae are bisected by the morphogenetic furrow with cells 11 posterior to the furrow undergoing differentiation and cells anterior being undifferentiated.
Previous results from our lab have found that there are profound changes in both nuclear organization and chromatin dynamics that accompany this differentiation event in the eye imaginal disc (THAKAR and CSINK 2005; THAKAR et al. 2006) . To determine if these changes were correlated with changes in specific aspects of gene expression, we examined the eye discs of wandering third instar larvae for trans-inactivation of UAS-GFP. Our selection of driver lines allowed us to compare trans-inactivation in differentiated and undifferentiated cells. Three of the lines (act, arm and c355) expressed throughout the disc, while three other (elav, 179Y and GMR) expressed GFP only in the differentiated cells posterior to the morphogenetic furrow. The expression and trans-inactivation of the lines expressing in the eye discs is shown in Figure 3A and quantification is shown in Figure 3B and Table 2 .
The lines that show trans-inactivation are only those where expression is not activated until after differentiation. In none of the lines with GAL4 driven GFP expression in undifferentiated cells do we see silencing by bw D heterochromatin in trans including the weakly expressing arm and moderately expressing c355 drivers. While this resistance to silencing appears uninfluenced by the strength of expression of the transgene in the undifferentiated cells, careful examination of the later expressing lines (three rightmost bar graph sets in Figure 3B ) reveals that the level of silencing (decrease in the bw D bars in Figure 3B ) is slightly weaker in the more strongly expressed lines. It should also be noted that expression during embryogenesis does not seem to be necessary to confer resistance to silencing. Line c355 does not show expression in eye discs until the second instar, but is still not trans-inactivated.
Tissue specific differences in trans-inactivation: In our study, the amount and timing of GAL4 expression in some of the driver lines is different in different tissues. To determine if silencing would vary depending on the tissue examined we examined trans-inactivation in two 12 additional third instar larval tissues: the central nervous system (CNS) (Figure 4 ) and the salivary glands ( Figure 5 ). The only line to display significant trans-inactivation in the CNS was line 179Y. The only line to display trans-inactivation in the salivary glands was line arm. Therefore, a single driver is differentially susceptible trans-inactivation in different tissues (Table 2 ). For instance, arm is silenced in salivary glands, but not in the eye disc. The elav expression is silenced in differentiated eye disc cells, but not the CNS. This tissue specificity may result from differences in the state of the nucleus as we are comparing diploid, polytene, and differentiated cells and will be discussed further below.
Silencing in adults:
We examined whole adult flies for trans-inactivation of UAS-GFP activated by five of the driver lines. Adult flies contain more differentiated tissue than larvae, so one may expect a bit more trans-inactivation. Additionally, we were interested in finding out if the level of silencing changed in a general direction as the adults aged. Therefore, we examined flies at five different times after eclosion. Figure 6 shows the levels of expression in the bw + male flies in the top graph and the level of trans-inactivation in the bottom graph. In general, there is a modest level of silencing in all lines at least at some age. This silencing seems mostly unaffected by the age of the adult and there is no obvious correlation between overall expression and silencing. However, there does seem to be a bit less silencing in the newly emerged flies (1 day, 0-24 hr after eclosion) using the 179Y females, elav and arm drivers and in no lines is the strongest trans-inactivation seen in this earliest sample (Table 3) .
Strong trans-inactivation is seen for GFP driven by the elav promoter in all but the youngest adults. The elav regulatory region would drive GAL4 expression mostly in differentiating or differentiated neurons, not in their neuroblast precursors (ROBINOW and WHITE 1991) . Additionally, very strong silencing is found for the ubiquitous, but weakly expressed arm driver. Silencing is not seen for elav in the larval CNS and is seen only for arm in the larval 13 salivary gland. These two lines highlight the fact that we often see different levels of transinactivation in different tissues and stages of development.
Fluorescence was measured separately in adult males and females. With one exception the trend was the same in both sexes (data not shown). The one line which had a difference was 179Y, where there was substantial silencing in females, but less in males ( Figure 6 and Table 3 ).
This line drives expression in the ovary and testis (Table 1) , so it is probable that this difference arises from a different degree of silencing in the gonads. Alternatively it could be due to the large number of eggs within the female, which have a different developmental state than the rest of the adult fly.
DISCUSSION
Previous studies have examined the influence of terminal differentiation and developmental expression on silencing by heterochromatin in cis. The work of Lu et al. (1996) and Weiler and Wakimoto (1998) have shown that silencing occurs early in development and that there is a relaxation of silencing with terminal differentiation. While these studies agree, a more recent study emphasized the importance of the strength of the expression of the target gene in counter acting its silencing (AHMAD and HENIKOFF 2001) . The researchers demonstrated differences in silencing based on level of expression of the transgene; when drivers are expressed at similar developmental times a stronger driver is less likely to be silenced than a weaker driver. In this study, when the transgene was turned on earlier in development it was less likely to be silenced than when it was turned on later in development. In contrast to the results of Lu et al. (1996) and Weiler and Wakimoto (1998) The commonality between these studies is the demonstration that the expression pattern of a gene affects its ability to be silenced. While these studies addressed cis-acting PEV, we wanted to address the role of expression pattern in trans-inactivation. Previous results from our lab have demonstrated that different transgenes have different abilities to be trans-inactivated.
Additionally, we have shown that enhancer trap transgenes located near the brown locus are unable to be trans-inactivated. This implies the expression pattern of the enhancers near the brown locus render them resistant to trans-inactivation (CSINK et al. 2002; SAGE et al. 2005) .
In this study, we determined that transgenes not expressed until differentiation are more likely to be trans-inactivated than those expressed earlier. This result concurs with the cis-acting PEV results. In the study of Ahmad and Henikoff (AHMAD and HENIKOFF 2001), when the transgene was turned on earlier in development it was less likely to be silenced than when it was turned on later in development. As we see a similar trend in cis and trans silencing, this may be a fundamental feature of silencing and not particular to cis or trans mechanisms. Additionally, we determined that the level of trans-inactivation varies depending on the stage of development in which it is examined (Table 1 ). This result further supports the hypothesis that when a gene is expressed in development impacts the ability of this gene to be silenced.
We examined the overall amount of trans-inactivation in adults to determine if there was a general relaxation of silencing with differentiation. Such relaxation would predict that lines whose expression was inhibited by bw D in an earlier developmental stage (larvae or undifferentiated cells in the eye disc) would become active later in development (adult or differentiated cells in the eye disc). Indeed it would predict little silencing in adult tissue, as the bulk of the adult is terminally differentiated. This is not what we find. Indeed, we find the exact opposite in the eye imaginal discs, with silencing seen only in differentiated tissue and no silencing in undifferentiated tissue. We also find that the 179Y-driven expression is silenced in eye imaginal discs and CNS in larvae and is still mostly trans-inactivated in older adults.
Additionally, the highest level of silencing in this study is seen for the GFP expression driven by arm in adults, even though it is not seen at all in some larval tissues. We also find that GFP expression driven by the elav, arm and 179Y (females) regulatory regions ( Figure 6 ) shows an overall increase in silencing in the older flies compared to the day one flies. This may indicate that heterochromatin formation is stable during aging and that the ability of genes to escape from silencing decreases as an organism matures. Alternatively, it is possible that in newly eclosed adults there is perdurance of GFP from the undifferentiated state that is degraded as the fly ages.
It is not surprising that there are changes in silencing with development, as there are large-scale changes in heterochromatin during development (ARNEY and FISHER 2004) . In Drosophila, heterochromatin is first visible (MAHOWALD and HARDY 1985; VLASSOVA et al. 1991) , and Heterochromatin Protein 1 (HP1) first begins to be concentrated in heterochromatin (JAMES et al. 1989) , in syncytial blastoderm. Heterochromatin stays in a condensed state, and replicates late in the cell cycle, beginning with the 14 th cell cycle (FOE et al. 1993; HIRAOKA et al. 1993) . Additionally, recent results from our group have found that bw D associations are stabilized and promoted during differentiation. This is correlated with a general decrease in the movement of euchromatic loci within the nuclei of the differentiated cells of the eye imaginal disc (THAKAR et al. 2006) .
The experiments we present in this paper find very different levels of trans-inactivation in different tissues (Table 1) . Amongst other things, this could be due to the different organization of the nucleus in these different tissues. The CNS, eye discs, and salivary glands were examined in third instar larva, which allowed us to examine trans-inactivation in diploid tissue, tissue pre and post differentiation, and polytene tissues, respectively. The differences seen pre and post differentiation relate to time of developmental expression and are discussed above. An unanticipated result was to find trans-inactivation in salivary glands. This was unexpected as salivary glands contain polytene chromosomes, which mostly lack the heterochromatic association between bw D and pericentric heterochromatin that promotes bw D trans-inactivation (CSINK and HENIKOFF 1996; TALBERT et al. 1994) . In this special circumstance, however, inactivation by bw D may not require heterochromatic association for the transgene to be located near a large concentration of heterochromatin. Silencing could be due to the juxtaposition of the transgene and heterochromatin found in the bw D allele. In polytene tissues the DNA strands are copied thousands of times, however, the pericentric heterochromatin does not have a correspondingly high copy number. Interestingly, bw D heterochromatin does appear to have this high copy number. In these polytene tissues bw D represents a large fraction of heterochromatin and strongly concentrates HP1 (PLATERO et al. 1998) . This results in a large concentration of heterochromatic proteins, which could silence the euchromatic transgene located nearby. In this special circumstance, bw D may be acting as a heterochromatic compartment to silence the transgene. Therefore, although the transgene is in trans to the bw D allele, in this circumstance heterochromatic association may not be required and may be more similar to cis-PEV.
Correspondingly, the only driver silenced in the polytene tissues was a very weak driver line,
arm.
In contrast to the results on cis silencing (AHMAD and HENIKOFF 2001), we were unable to find a consistent correlation between ability to be trans-inactivated and level of expression. On the one hand, there are certain aspects of our study that fit this trend. For instance, in the three lines where GPF is driven and silenced only in the differentiated cells of the eye disc (GMR, elav and 179Y) we find that the degree of silencing is inversely related to the level of wild-type expression. Additionally, arm, the most strongly silenced line in the adult is also one of the normally weakly expressing lines. However, there are clear data in this study that are inconsistent with the level of expression being of primary importance to susceptibility to trans-inactivation.
Neither arm driven expression in eye discs, 167Y driven expression in CNS, nor GMR expression in the salivary glands is silenced, despite their very weak expression in those tissues. Second, 179Y is nicely silenced in CNS despite having more expression than 167Y and a similar level to elav, neither of which are trans-inactivated. We believe that our data do not support a primary role for level of expression in susceptibility to trans-inactivation. However, it is possible that level of expression plays a role in silencing once the locus comes close to the heterochromatic compartment and this could account for the inconsistencies. That is, if the locus is unassociated with centric heterochromatin and being expressed, the level of expression is irrelevant because silencing cannot occur when the UAS-GFP is not close enough to the heterochromatic compartment. However, once it is resides in this compartment the level of silencing may be subject to similar influences that modify cis heterochromatic silencing, such as the overall concentration of the GAL4 transcription factor (AHMAD and HENIKOFF 2001).
The above results indicate that there may be fundamental differences between cis and trans silencing. Other results that may also be due to such differences involve the behavior of two lines used both in this study and in the work by AHMAD and HENIKOFF (2001) . Those authors found variegated silencing in cis of arm and act driven expression both before and after the morphogenetic furrow, while we find no silencing by bw D in those same two lines in the eye disc either before or after the morphogenetic furrow. These contrasting results may be due to differences in how silencing is brought about and maintained in the different types of PEV (Figure 7 ). In the circumstance of cis silencing the silenced gene is always located near heterochromatin, while in trans-inactivation the heterochromatic association required should change during development. Close association of the gene in cis with a large block of heterochromatin early in development would allow the effect of heterochromatic proteins to modify the early organization of the regulatory region and may limit the influence of early acting transcription factors.
Our data indicate that early transcription interferes with trans-inactivation, although it should be pointed out that it is not certain if this interference is stable or if a gene that is associated with the centric heterochromatin will eventually be silenced. Such a possibility is seen for UAS-GFP expression driven by the arm driver. This expression is not silenced in some of the larval tissue examined, but is very strongly silenced in the adult. One way to interpret this is that while early expressed genes are initially resistant to silencing they can eventually be silenced.
We do not believe that early transcription prevents or disrupts association of a locus with the heterochromatic compartment. Earlier studies of ours examined the results of up regulating a trans-inactivated heat shock promoter and found no transient or permanent change in the large scale nuclear location of the region containing the up regulated gene. However, it should be pointed out that the study did not have the resolution to detect a subtle disengagement of the locus from the surface of the heterochromatic compartment (CSINK et al. 2002) . We speculate that when expression is activated before heterochromatic association, the formation of active transcription complexes is not influenced by heterochromatin. It appears that subsequent association of the locus with centric heterochromatin has little immediate consequence for transcription. However, it is possible that silencing occurs after a period of association. The Combined, our results demonstrate that the pattern of expression of a gene affects its ability to be trans-inactivated and emphasize the importance that the interaction of nuclear organization, chromatin structure and temporal and quantitative variation in transcription factor abundance have in determining the final expression state of a locus. structures, Y = eye, nd = expression not determined. In the larval and later stages if an above mentioned tissue is not listed it means it was examined and no GFP expression was seen.
TABLES
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-no significant trans-inactivation, + significant trans-inactivation -/+ trans-inactivation differs depending on age of adults, f = female, m = male Table 2 . Below each driver name is a summary of the wild-type expression of that driver in earlier developmental stages. + expression, -no expression. for these data are in Table 2 . Below each driver name is a summary of the wild-type expression of that driver in earlier developmental stages. + expression, -no expression. , bw D pair was tested for significant differences. * indicates a significant difference in GFP fluorescence between bw D and bw + samples (p < 0.05 based on a student's t-test). The n of each sample and the exact p values for these data are in Table 3 . Detailed summary of the developmental and tissue specific expression of each driver line is in Table 1 . An arrow represents transcription, while an X adjacent to an arrow represents silencing. In transinactivation the status of heterochromatic association is depicted with schematics of interphase nuclei. In the circumstance of cis silencing, the silenced gene is always located near the silencing factors present in pericentric heterochromatin. In trans-inactivation the heterochromatic association required for localization near the silencing factors present in pericentric heterochromatin should change during development and cell cycle.
